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Chiral solitons are one dimensional localized magnetic structures that are metastable in some
ferromagnetic systems with Dzyaloshinskii-Moriya interactions and/or uniaxial magnetic anisotropy.
Though topological textures in general provide a very interesting playground for new spintronics
phenomena, how to properly create and control single chiral solitons is still unclear. We show here
that chiral solitons in monoaxial helimagnets, characterized by a uniaxial Dzyaloshinskii-Moriya
interaction, can be stabilized with external magnetic fields. Once created, the soliton moves steadily
in response to a polarized electric current, provided the induced spin-transfer torque has a dissipative
(nonadiabatic) component. The structure of the soliton depends on the applied current density in
such a way that steady motion exists only if the applied current density is lower than a critical
value, beyond which the soliton is no longer stable.
Magnetic structures of nanometric size, like domain
walls, vortices, or skyrmions, attracted great attention
since they are very promising as the building blocks of
spintronic components such as memories, logical gates,
etc. To be useful, they have to satisfy at least two essen-
tial requirements: 1) be (meta)stable, and 2) move in a
controlled way under the action of external stimuli, such
as applied magnetic fields or electric currents. Compar-
atively, chiral solitons have received much less attention,
although they are also potentially useful in spintronics
and digitalization applications. These are solitonic mag-
netic structures of topological nature. In monoaxial he-
limagnets, the Dzyaloshinskii-Moriya interaction (DMI)
and the uniaxial magnetic anisotropy (UMA) are the key
ingredients that provide the soliton (meta)stability. At
low enough temperatures and applied magnetic field the
chiral solitons condense and form a chiral soliton lattice
(CSL) [1–8]. Solitons condense also in some regions of
the phase diagram of cubic helimagnets, in the form of
skyrmion lattices [9–11].
As a new route to spintronic devices, chiral solitons
may have advantages over skyrmions, whose motion is
girotropic and therefore difficult to control [12–14], and
over domain walls, since chiral solitons may provide a
different route to avoid pinning effects hindering domain
wall motion [15–17]. As we will show here, chiral solitons
in monoaxial helimagnets move steadily under the appli-
cation of a polarized current, reaching velocities of the
order of 100 m/s for currents around 100 GA/m2. Fur-
thermore, if the current is large enough the stability of
the soliton is compromised and the system is forced to a
homogeneous magnetization state.
Consider a magnetic nanometer size track with dimen-
sions Ly  Lx  Lz (see Fig. 1), made of a monoaxial
helimagnet, such as CrNb3S6, with chiral axis along zˆ.
Its magnetic energy is given by E =
∫
d3xW , with
W=A
∑
i=x,y,z
∂inˆ·∂inˆ−Dzˆ·(nˆ×∂znˆ)−K(zˆ·nˆ)2−MS ~B·nˆ, (1)
where nˆ is a unit vector field that describes the magne-
tization direction at each point of the film, A, D, and
K stand for the exchange stiffnes constant, and the DMI
and UMA strength constants, respectively, MS is the sat-
uration magnetization, and ~B is the applied magnetic
field. The DMI acts only along the zˆ axis, defining thus
a monoaxial helimagnet, and it is of bulk type and not
interfacial, in spite that the track lies in a thin film in
the y = 0 plane. The sign of D is reversed if we re-
verse the direction of the zˆ axis, so that, with no loss of
generality, we take D > 0. It is also convenient to in-
troduce q0 = D/2A, which has the dimensions of inverse
length, and the dimensionless parameters κ = 4AK/D2
and ~h = (2AMS/D
2) ~B. For the sake of simplicity, we ig-
nore the magnetostatic energy, whose main effect could
be approximately taken into account by introducing mag-
netic anisotropies in the (x, y) plane. We do not expect
it would change the qualitative conclusions of this work.
The effective field acting on the vector field nˆ is
~Beff =
2A
MS
[
∇2nˆ− 2q0zˆ × ∂znˆ+ q20κ(zˆ · nˆ)zˆ + q20~h
]
. (2)
The corresponding Euler-Lagrange equations describing
the static solutions are ~Beff = λnˆ, with λ a Lagrange
multiplier enforcing the constraint nˆ2 = 1. For ~h = 0 the
ground state is a helical structure propagating along the zˆ
axis with wave number q0. By applying a field parallel to
the chiral axis, the helical state becomes a conical state,
while if the applied field is perpendicular to the chiral
axis a CSL is formed [1, 2]. If the field is large enough, a
transition to the homogeneous ferromagnetic (FM) state
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2FIG. 1. Scheme of the chiral soliton (χ = +1) described by
nˆ(z) with ϕ(z) given by ϕ0 in Eq. (4) (top). The polar angle
is θ = pi/2 and thus the normalized magnetization nˆ is in the
x-y plane and rotates along the chiral axis, as indicated. The
dimensions of the modeled magnetic track is schematically
shown in the bottom figure.
takes place, whose nature depends on the angle between
the magnetic field and the chiral axis [5–8].
In the case of an applied field perpendicular to the
chiral axis, the system has a single chiral soliton as a
metastable static solution. Taking ~h = hy yˆ and using
the parametrization
nˆ = − sin θ sinϕxˆ+ sin θ cosϕyˆ + cos θzˆ, (3)
we seek for a solution of the Euler-Lagrange equations
independent of x and with constant θ. We obtain θ = pi/2
and the Sine-Gordon equation ϕ′′ = q20hy sinϕ, where
the prime stands for the derivative with respect to z.
The solutions, ϕ0, that have boundary conditions (BC)
ϕ0(z = −∞) = 0 and ϕ0(z = +∞) = χ2pi, with χ = ±1,
are chiral solitons with helicities χ, given by
ϕ0(z) = 4χ arctan e
q0
√
hyz, (4)
The soliton width, ∆0 = 1/q0
√
hy =
√
2A/MS/By, is
independent of K and D and it is controlled by the ap-
plied magnetic field. The generic shape of the soliton
with helicity χ = +1 is shown in Fig. 1.
The soliton exists as a stationary point of the energy
even in a simple ferromagnet. Whilst the DMI and UMA
play at first no role, they are however crucial to provide
stability to the chiral soliton: the soliton adds to the FM
state energy EFM a term
∆ES = LxLyAq0
(
8
√
hy − 2piχ
)
. (5)
The term proportional to χ comes from the DMI, so
that in absence of DMI the soliton is at most metastable
(∆ES > 0), and the solitons of both helicities are de-
generated, having the same energy. The DMI lifts the
degeneracy, lowering the energy if χ = +1 and raising
it otherwise. Below the critical field hc = pi
2/16, the
energy of the favored soliton becomes negative, and the
FIG. 2. (a) Stability diagram of the chiral soliton for D >
0, as a function of anisotropy and applied field. The blue
continuous line and the orange dashed line correspond to the
stability limit for χ = +1 and χ = −1, respectively. The
green dotted line is the stability limit for D = 0 and χ =
±1. Below the red dash-dotted line the FM state is itself
metastable, the ground state being a CSL. (b) The critical
Γc value, proportional to the critical current density, as a
function of hy/hc for χ = +1 and for several values of κ, as
indicated. The red dashed line corresponds to D = 0.
proliferation of solitons with the proper helicity (χ = +1)
is energetically favorable. Consequently, they condense
forming a CSL [1, 18, 19]. The properties of isolated soli-
tons play a prominent role in determining the nature of
the transition to the CSL phase [20, 21].
To analyze the (meta)stability of a single soliton, let
us write the magnetic configuration nˆ as
nˆ = (1− ξ2t − ξ2z)1/2nˆ0 + ξtzˆ × nˆ0 + ξz zˆ, (6)
where nˆ0 stands for the soliton configuration and ξt and
ξz are two real fields that describe the fluctuations around
nˆ0. Expanding the energy in powers of ξ up to second
order we get
E = EFM+∆ES+
∫
dxdz(ξtKtξt+ξzKzξz)+O(ξ
3), (7)
where Kt and Kz are the differential operators
Kt = −∇2 − 1
2
ϕ′ 20 + q
2
0hy, (8)
Kz = −∇2 − 3
2
ϕ′ 20 + q0ϕ
′
0 + q
2
0(hy − κ), (9)
The terms linear in ξ are absent in Eq. (7) since the
soliton is a stationary point of the energy. The soliton is
metastable if Kt and Kz are both (semi)positive definite.
The spectrum of Kz and Kt is studied in detail in the
Supplemental Material [22]. It is easy to verify that Kt is
always semidefinite positive, so that the soliton stability
is determined by the lowest lying eigenvalue of Kz. With-
out DMI, the solitons of both chiralities are metastable if
hy < −κ/3. As expected, the DMI enlarges the stability
domain of the χ = +1 soliton and shrinks it if χ = −1.
The stability domains in the (κ/hc, hy/hc) plane are rep-
resented in Fig. 2(a). The shaded region is the stability
domain for χ = +1. The dashed and dotted lines repre-
sent, respectively, the stability boundary for χ = −1 and
3for both helicities in absence of DMI. Without anisotropy,
the χ = +1 soliton is stable for hy <∼ 2.15hc. For
CrNb3S6, which has a large anisotropy (κ ≈ −5), the
stability region is much broader: hy <∼ 6.5hc. Therefore,
a metastable soliton can be obtained in a broad region of
out-of-plane magnetic fields, By.
Let us turn to the dynamics. Contrarily to domain
walls, the chiral soliton does not move steadily under
the application of a constant out-of-plane magnetic field
because the symmetry is not broken and there are no
magnetic domains gaining energy with the field. It is
however possible to move the soliton steadily by applying
a polarized electric current, with density~j, which delivers
the spin transfer torque [23, 24]
~τ = −bj(~j · ∇)nˆ+ βbj nˆ× (~j · ∇)nˆ, (10)
with bj = PµB/(|e|Ms), where P is the polarization de-
gree, e is the electron charge, and µB is the Bohr magne-
ton. The first term is the reactive (adiabatic) torque
and the second term the dissipative (non-adiabatic)
torque [25], whose strength is controlled by the nonadia-
baticity coefficient β. The dynamics obeys the Landau-
Lifschitz-Gilbert (LLG) equation
∂tnˆ = γ ~Beff × nˆ+ αnˆ× ∂tnˆ+ ~τ , (11)
where α and γ are the Gilbert damping parameter and
the giromagnetic constant, respectively.
We take the current density ~j = −jzˆ, and look for a
steady solution that moves rigidly with constant veloc-
ity, v, along the zˆ direction. The general steady solu-
tion is characterized by two functions, θ(w) and ϕ(w), of
the variable w = q0(z − vt), with BCs: θ(±∞) = pi/2,
ϕ(−∞) = 0 and ϕ(+∞) = χ2pi. The LLG equations for
steady motion can be cast into the form
θ′′ = (ϕ′ 2 − 2ϕ′ − hy cosϕ) cos θ + κ sin θ cos θ
−Ωθ′ + Γ sin θϕ′, (12)
ϕ′′ = hy sinϕ− (ϕ′ − 2) cos θθ′ − Γθ′ − Ω sin θϕ′ (13)
where now the primes stand for derivatives with respect
to w and
Ω =
α
v0
(
v − β
α
bjj
)
, Γ =
1
v0
(
v − bjj
)
, (14)
with v0 = 2γAq0/Ms. Notice that the spin transfer
torque, the Gilbert damping and the nonadiabaticity co-
efficient enter the equations of motion only through the
constants Ω and Γ.
The Boundary Value Problem (BVP) defined by
Eqs. (12) and (13) and the soliton BCs has no solution
in general. To obtain a solution it is necessary to impose
some relation between Ω and Γ, which in its turn deter-
mines a relation between the soliton velocity, v, and the
applied current intensity, vs. To see this, let us split the
BVP into two pieces, one for w ≤ 0 and another one for
w ≥ 0, with the specified soliton BCs for w → ±∞ sup-
plemented with θ = pi/2 + θ¯0 and ϕ = pi at w = 0. These
two BVP have generically a solution, and have been nu-
merically solved by a relaxation method. A solution of
the complete BVP, for −∞ < w < ∞, is obtained from
the two restricted BVP if the derivatives θ′ and ϕ′ are
continuous at w = 0. Generically, these two conditions
cannot be simultaneously satisfied by tuning the single
degree of freedom at our disposal, θ¯0. Hence, we have
to tune Ω and Γ to get the complete solution. It turns
out that ϕ′ is continuous if and only if Ω = 0, whatever
θ¯0, which can be tuned to enforce the continuity of θ
′.
Therefore, from Eq. (14) we get
v =
β
α
bjj, (15)
and in this case Γ becomes proportional to the current
intensity: Γ = (β/α − 1)bjj/v0. We see that the steady
velocity increases linearly with the current density, with
a mobility m = (β/α)bj which is independent of the sys-
tem parameters κ and hy. The same behavior occurs for
domain walls [25], and thus this seems to be a universal
feature of the response of one dimensional magnetic soli-
tons to polarized currents. Eq. (15) implies that v = 0
if β = 0, so that the steady solution is indeed static if
there is no dissipative torque. In that case Γ = −bjj/v0
and the soliton reaches a different equilibrium state after
applying the current. Finally, the case β = α is special,
since Ω = 0 and Γ = 0, so that Eqs. (12) and (13) are
independent of the applied current. Hence, the soliton
is rigidly dragged by the current, with velocity v = bjj,
without changing its static shape.
By increasing the current, θ¯0 increases from its static
value θ¯0 = 0. At sufficiently large Γ a second, unstable,
solution of the BVP, with larger θ¯0, appears. At a cer-
tain Γ = Γc, which depends on the system parameters,
the stable and unstable branches meet and the steady
solution becomes unstable [22]. Thus, no steady moving
soliton exists above this critical current. If β = α Eqs.
(12) and (13) are independent of the current, and thus
there is no critical current. Again, a similar scenario is
observed for moving domain walls [25]. The critical cur-
rent decreases with hy and increases with κ, as shown in
Fig. 2(b). This agrees with the fact that the field tends
to destabilize the soliton while DMI and UMA tend to
stabilize it. It is worthwile to stress that the mobility
is independent of χ if the solitons of both helicities are
metastable. However, for given current the soliton pro-
files depend on χ, and, as expected, the critical current
is much smaller for χ = −1 [22].
Two important questions are not addressable by the
BVP: 1) the fate of the soliton for j > jc, and 2) whether
the steady moving regime is reached by applying a cur-
rent to a static soliton. To answer these questions, we
performed numerical simulations of the LLG equation
using the MuMax3 code [26–28], in which we have imple-
4FIG. 3. Steady motion of the chiral soliton. (a) Steady pro-
files for κ = −5.17, hy = 0.807, and Γ = 0.89 (j = 1 TA/m2).
Circles correspond to numerical simulations and lines to the
BVP. (b) Velocity and soliton parameters as a function of
the applied current density j. The steady velocity increases
linearly with the current, with mobility m = (β/α)bj , as indi-
cated by the continuous line (top panel). Middle and bottom
panels: θ¯0, (tilt of the magnetization in the z direction) in-
creases with j, whilst the soliton width ∆ decreases. Both
quantities show a considerable change when the critical cur-
rent jc = 1.372 TA/m
2, indicated by the vertical dotted line,
is approached. Continuous lines correspond to the solution
of the corresponding BVP. Vertical dashed and dotted lines
correspond to the critical values jc obtained with numerical
simulations and with the BVP, respectively.
mented the monoaxial DMI [22]. We used the following
parameters, appropriate to CrNb3S6: A = 1.42 pJ/m,
D = 369µJ/m2, K = −124 kJ/m3, MS = 129 kA/m,
α = 0.01, β = 0.02, and P = 1. In addition, we set
By = 300 mT which is larger than the stability limit of
the CSL By,c = 230 mT. These values correspond to
q0 = 0.13 nm
−1, κ = −5.17 and hy = 0.807. The numer-
ical solution of the BVP for this set of parameters gives
Γc = 1.5735 (see Fig. 2). As a test of the code, we have
obtained that, in absence of applied magnetic field, the
system relaxes to a helical state with wave number q0,
and that a metastable chiral soliton can be retained for
a broad hy range.
The shape of the steady moving solution for χ = +1
is displayed in Fig. 3(a) for j = 1 TA/m2 (Γ = 0.89).
Continuous lines correspond to the solution of the BVP
and circles to the steady profile found by numerical sim-
ulations of the LLG equation, showing good agreement
between them. The bottom panel in Fig. 3(a) shows that
the magnetization in the soliton is tilted towards zˆ, the
direction of the velocity. Let z0 be the center of the soli-
ton, given by the maximum of ϕ′, where now the prime
stands again for derivative respect to z. The tilt angle is
the deviation of the polar angle from pi/2 in its center,
θ¯0 = pi/2− θ(z0). The soliton width ∆ can be defined in
terms of ϕ′ as ∆2 =
∫
(z− z0)2ϕ′(z)2dz/
∫
ϕ′(z)2dz, The
values of ∆ and θ¯0 depend on the applied current density
FIG. 4. Instability of the chiral soliton under an applied cur-
rent density. (a) Evolution with time of the tilt angle θ¯0
around the critical current jc. The vertical line indicates the
value of t∗ for j = 1.374 TA/m2, beyond which the magne-
tization in the center of the soliton abruptly goes to the y
direction. (b) Dependence on the current density of the in-
stability time t∗(j), showing how it seems to diverge when
approaching jc = 1.372 TA/m
2 from above.
and on the system parameters. Figure 3(b) displays the
steady velocity, v, and θ¯0 and ∆ as a function of j.
Numerical simulations show that the system, starting
from the metastable static soliton, reaches the steady
motion state if the current is below the critical current,
jc = 1.372 TA/m
2, which corresponds to Γ = 1.224,
slightly smaller than the value of Γc predicted with
the BVP. Currents higher than jc destroy the soliton
and drives the system to the FM state. Fig. 4 dis-
plays results of numerical simulations that clarify the
fate of the soliton upon application of a supercritical cur-
rent. Fig. 4(a) presents the temporal evolution of θ¯0 for
j = 1.370 TA/m2, for which a steady soliton motion is
reached, and for j = 1.374 TA/m2, where no steady soli-
tonic state is attained at long times. The dotted vertical
line indicates the time t∗ = 17.95 ns when the soliton
is destroyed, which is anticipated by the sudden increase
of θ¯0. The dependence of t
∗ on the value of the super-
critical current density is presented in Fig 4(b), showing
how it tends to diverge when reaching jc from above.
Beyond t∗, the system goes to a FM state with the mag-
netization completely oriented along the direction of the
external field [22].
The critical current resembles the one appearing in do-
main walls [25] and is tantamount to the Walker break-
down field [29–31]. However, currents beyond the Walker
breakdown do not destroy the domain wall, but induce
a non-steady precesional motion. This is a major differ-
ence between the chiral soliton and domain wall steady
motion. The destruction of the soliton by supercritical
currents can be a very useful tool to manipulate informa-
tion in potential spintronic devices that use the presence
or absence of solitons as bits.
In summary, we have shown that single chiral solitons
can be metastably retained in monoaxial helimagnets and
that they can be controlled by applying a polarized elec-
tric current. The metastability of the soliton is guaran-
teed by the DMI interaction and the UMA. The steady
velocity is proportional to the current density, with a
5mobility given by the ratio between the nonadiabaticity
and the Gilbert damping coefficients. Notably, the soli-
ton is destabilized when a critical current density value is
reached. This controlled motion of chiral solitons opens a
new route to the development of spintronic devices based
in topological structures.
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